Thus, the possibility of looking at reverse leakage current, particularly close to
avalanche, to identify deviations from the ideal conditions on the surface appears
quite real, as we will elaborate on in subsections A.1.5 and A.1.7. We propose to
observe this JS over a long time span at high temperature to deduce meaningful

information on the surface degradation.

A.1.2,2 Tuning Varactor - A tuning varactor is a device which, in most

applications, changes the output frequency of an oscillator with applied dc bias, Its
major function, therefore, is to present a certain variation of capacitance with voltage
to a tank-circuit, What is required of a tuning varactor, in microwave applications,
is, of course, much more complex. In the first place, every time the applied voltage
varies a certain way, the capacitance should vary the same way. In other words, no
hysteresis effect is allowed as this would engender different resonant frequencies for
the same bias. Secondly, the capacitance of the diode at a given bias should be
invariant in time. Namely, the resonant frequency is not allowed to drift (even 0.1%
in some cases). More comment on this drift problem will be presented in subsection
A.1.5, Additionally, the diode should absorb an incident power minimally and the
amount of the absorbed power should not change with time. This means that the
quality factor, Q, of the diode should be high (for low insertion loss) and should remain
constant, as a variable load would otherwise produce instability in the circuit. In
summary, it is totally insufficient to manufacture a semiconductor device performing
to specifications indicated by the semiconductor theory because the device is not just

a semiconductor chip but an integral part of a microwave system. Accordingly, we
will present the most appropriate theory and design applicable to microwave tuning
varactors but with an eye to the eventual application of the device in the system.,

A 1.2,2,1 General Principles

The most general approach to tuning varactor design is to assume an
abrupt junction case but with a doping profile N(x) in the epitaxial layer varying
exponentially:

N(x) = Noekx em™
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where No is the doping concentration at the surface (X = 0) in atoms/cm3 and k is the
doping gradient factor in cm™* (or u ~}). The reason for such generalization is as

follows:

a. To maximize Q, the epitaxial layer thicknesses used in microwave
tuning varactors are in the range of 3-10 micrometers. Hence, the diffusions in these
epi layers are necessarily quite shallow (<2 microns). This invariably results in an
abrupt junction the depletion into which is four to five orders of magnitude less than
that into the epi layer. Therefore, no measurable error will be incurred by assuming
that all the depletion is into the epi layer.

b. The dop.ng profile in the epi layer is not as constant as it is
usually assumed. This problem, which emanates mostly from the out-diffusion of
dopants from the substrate and/or poor injected dopant control during the epitaxy
deposition process, has the effect of changing the capacitance-voltage dependence
and therefore plays a first order role in the device performance. Also, it is impor-
tant to distinguish, for diagnostic reasons, the influence of a doping profile's non-
constancy from the influence of ionic surface contamination on the device performance.
Besides, a constant doping profile case can easily be analyzed by merely making

k = 0. Thus, the added complexity (which is only algebraic) is compensated by useful
generality.

We start our analysis by noting that:

a_ -y L
- (Xy) =X =+ (1)

If y 18 taken to be the electric field, E, then we can pursue this line of thinking by
further noting that

& () -ales
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Recognizing that the field, E, (-(ai;—-) is approximately zero just beyond the boundaries
of the depleted region and integrating both sides of Equation (2) over the length of the
depletion region, one finds that

\"% w \'"% \'4
d (_dV). _dv s d%v
({ = (xdx)dx—xdx 8 wo—{) X = dx+f0 E dx
W R W dv
Thus Ji de—vj-va+vd~-[ x 5 dx (3)
0 0
We know, from Poisson's Equation that
e
= - N(x 4
ax2 . &M )
r 0
Substituting
W
vV, ==3— [ x N@dx (5)
j <& ‘0 0
where
-19
q =1,6 x 10 coulombs
€r 0" 0.96 x 10_12 f/cm for silicon
N@x) =Ny - N, (x)
N d(x) = Number of donors per unit volume
Na(x) = Number of écceptors per unit volume
Vj = Total junction voltage
Va = Applied voltage
NW,)NW,)
V, = Diffusion potential «EE. 1 (—1——2—)
q 2
n
1
W1 = Width of depletion into the n region
w = Width of depletion into the p region

w = Depletion width at Vj
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Employing the generalized exponential relationship for the doping profile we finally
obtain:

w
V.= L67Tx10°' N S/ x o™ dx (6)
i 0

Equation (6) is the fundamental equation governing the tuning varactor.
The solution of Equation (6) is transcendental and it is given by:

-7
1.67x 10 Ny
[ekw (kW-1) + 1]

YV, = (7)

j k2
Al.2.2.2 Design Parameters

Analysis of Equation (7) yields us all the necessary interrelationships
between capacitance, voltage and doping profile. Namely,

Vv, = {(C, No. k)

i
where C is the capacitance per unit area.
€. €
e e
C W (8)
Thus ke €
-7 LY ke ¢
_L67x10 Ny f o C ( r 0 _1)+1
Xy k C 9)

which is our f(C, NO' k).

Equation (9) is plotted in Figure A-7 for various values of k and for
N = 1015 atoms-cm-a. Some representative values oi k corresponding to slopes in

doping profiles are presented in Table A-4.
Two important points should be noted:

a, The deviation from the square-root~law (represented by
k = 0 line) is significant even for k = 0,091 u'l. AtV j = 30V, for example, capac-
itance has increased by 20%. Capacitance ratio, therefore, between C at 4V and
C at 30V has decreased by 20%. Moreover, the percent increase in capacitance gets

worse at higher voltages.
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b. Family of curves of C vs V are all parallel for different values
of NO (since Vjal No). This fact enables us to draw a C vs V curve for any desired NO'
For example, to generate capacitance - voltage characteristics corresponding to,
say k = 0,091 “-1 and Nj = 1014cm-3. one takes the corresponding curve from
Table A-4 for N_ = 1015 cmn3 and displaces it to the left by a factor of 10. In other

0
words, the same capacitance per unit area will be achieved at one-tenth the voltage.

TABLE A-4.
k Doping Slope
0 0
0.091 u'l 20% per 2 u
0,168 7" 40% per 2 u
0.235 " 60% per 2
0,347 u-l 100% per 2:u
0,548 5" 200% per 2 pu

The usefulness of Table A-4 is limited in that a particular material
run may result in a k-value different from that shown. It would be pure guesswork
to deduce the new C~V curve on the basis of Table A-4's data alone. Accordingly,
a general-purpose plot is presented in Figure A-7 whereby k-values are plotted as
a function of capacitance per unit area with voltage as a parameter. To use Figure
A-T7, one first determines k-value from the Copeland Profilometer (Figure A-8)
plot as follows:

k= %ln -;?—El 7] >

0
Then a horizontal line at this k-value is drawn on the graph. Points of intersection
of this line with the family of curves give the necessary (C, V) points to generate the
capacitance-voltage characteristics. This C-V plot, then, is translated to the left

A-30




I1jeowo[gold pue[edo) °g-V SInByi

AN__E\E NI V/2

v0'0 €00 200 10'0 6000 8000 £000 9000 S000

\ / \MW\ o

LA LAk

(-1 )

[IRVAVAVY// (ANRE)

\.\

v/

Al =

/AN

< < L, 8. = 15
< e e = — - =
e " n-Eu.m—O— =ON
s . N 2 2853 (A'3) 3 =%
< < < €L 3 1y®N = (XN

A-31




(or right) by a factor of No/10'%, 1f N,=5x 105, then the C-V plot 1s translated

to the right by a factor of 5. If No =5x 1014, then the translation is to the left by a

factor of 2.

At this point we should reflect somewhat more on the meaning of
Equation (7). It should be noted that

lim on -7 - G

it Vj 0.84 x 10 NOW 4 (11)
Therefore

C—e Vl/2 ask —e 0 (12)

i
Hence, this ge‘neralized approach simply reduces to the case presented by the standard
p-n junction theory when the doping profile becomes constant with distance.

A design theory for tuning varactors cannot be considered complete
until epi thickness, wepi' and quality factor, Q, are determined. For this, we will
assume k = 0 (uniform epi case) and use applied bias, V, rather than F as only F is

measurable,

Junction Capacitance, Gy~ (Vo +V d>'1/2 (13)
Where V dz 0.6 is assumed.

Now to solve for We we go back to Equation (6) and rewrite with

pi
k=0
Wo®
V,=0.6+V =1,67x10"' N —Bi_ (14)
b a 0 2
Therefore
1/2
/ 370.6+Vy cm (15)

Next, we determine Q at -4V (since this bias value is employed on a standard basis
throughout the industry).
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b (16)
Q4 wRS4 C4
Where w =2mf

RS4 = Series resistance at -4V

C My Capacitance at -4V
If the depletion width at -4 volts is W, then

B

Rs4 e (wepi -W) an

" With p being the resistivity, and

1/2

i 3 (4.6

w=3.4x10° (= ) cm (18)
Also C

-A—4 = 8.5x10° 0 /N pF mil”2 (19)

(Units have been chosen according to current engineering, convention. )

Substituting Equations (19), (18) and (17) into (16) yields the formula
for the quality factor. However, we shall present this formulation under two points
of view in the following paragraphs.

A.1.2.2.3 Optimized Design

The concept of optimization will necessarily differ from system to
system, Some systems may require maximum tunability with less regard to insertion
loss. Some systems, on the other hand, may need only a token amount of tuning but
with maximum possible quality factor. As a general case, here, we assume for the
optimization procedure the simultaneous maximization of breakdown voltage, VB’ and
quality factor, Q. This simultaneous maximization dictates that the diode avalanches
as soon as it depletes fully. Thus, we need to develop the interrelationships between
doping concentration, epi thickness and diode area and a given set of VB’ Q and C.

To be practical and useful we should limit ourselves to the ranges of

common usage, Namely
25 < VB, <300V

1)(1015 <N« 3X1016 atoms cms
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300<Q @-4V and 50 MHz <13000
003 < C/A@ -4V < 0. 140 pF/mil®
The determining relationships, which have been all but completely developed in the

above sections, can be written in the following form:

N = 2,143 x 1018vB Bt T (20)
C/A =8.5x%x 10" VN pF/mil® 1)
7 =Ve 5
=7.87x10 2 "0 p imit® (22)
P =284 x10™ 5% ohm com (23)
- 8,765 x 10°° (C/A) i et T N (24)
117 -4

- X. + i i =0,
Wepi ( § Out diffusion) = 0.0236 VB cm (25)
é— - 1.24 x 107 [N’1°2325 Axi0 N '0'855] at 50 MHz | (26)

4

A design nomograph combining all these parameters is presented in
Figure A-9. Procedure for using the nomograph is simple, Breakdown voltage

specification is entered on the leftmost column (under V Then moving on a

)e
straight line toward the right we obtain the maximum all?;wed doping concentration,
Nma.x' Continuing to the right gives us the theoretical maximum Q (at 100 MHz which
is 0.5 times that at 50 MHz). Ideally, the Q specification is entered on the Q column
and the minimum allowed value of N, Nmax’ is obtained. The range for N to be

specified can then be judiciously chosen.

Now a range defined by the specified values of maximum N and
minimum N is formed and it is continued straight to the right until it intersects the
capacitance per unit ai'ea, C/A, column. Then the capacitance specification range
(at -4V) is entered in the rightmost column. Finally, using straight lines, the
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highest allowed capacitance and the lowest C/A reading to the lowest allowed capaci-
tance, the intersection of these lines with the D/A (diameter/area) column gives the

allowed variation in diode diameter/area.
A.1.2.2.4 Practically Optimized Design

In most applications the above optimization is more than necessary
as it allows tuning all the way up to breakdown. It is quite common to have a
requirement where the RF voltage swing occasionally exceeds the maximum DC
tuning bias. In these situations one would have to have specified a breakdown voltage
appropriately above the maximum swing voltage so that the avalanche mechanism
does not fall within the tuning range. The new logic in a practically optimized design
theory is such as to allow for a minimum epi thickness necessary to provide the

capacitance swing with a doping level commensurate with Q and V_ requirements.

B

The governing equations undergo only a minor change to include the
'mew'" fact that the breakdown mechanism is now limited by the epi thickness rather
than the combination of thickness and resistivity. Note that the diode will now punch-
through before breakdown. As before:

o ¥R 217

1/2
o 3/70.6 + Vpt

Wi = 8:4%10 (P—r L ) 28)
The punch-through voltage, V ot is taken to be the maximum tuning voltage. Thus,
Equation (28) indicated that we have no more epi than is required for the capacitance

swing. Now, if we choose the doping concentration, N, judiciously, we also satisfy

breakdown requirements. The breakdown voltage for a thickness limited (truncated)
epi is given by

- R RSN 2 29
VB Ecrit Wepi 2‘1“0 NWepi )
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where Ecri ¢ is the critical electrical field initiating the avalanche mechanism. This
field is dependent on the ionization rate as well as mean free path before recombina-
tion. A very good empirical formula describing the actual situation is:

- 3,.0,125

Eopit = 41x10°N V/em (30)
Substituting Equation (30) into (29) and manipulating sufficiently we find the maximum
allowed doping concentration, Nmax'

2.667

.5
(0.6 + V)O ] (31)

19
N =1.13 x 10 [
V., +0.966 (0.6 +V
pt)

max B

To obtain Q we combine Equations (18), (17), (19) and (16) and solve for minimum
allowed doping concentration, Nmin'

11 1.17
N . =4.18x10 [Q4 (0.46 /0.6 7V, Y -1_)] (32)

mi

A mid-point, for example, between Nm and Nmin can be used in Equation (28) to

ax
determine Wepi required. An incorporation of all the parametric equations in a

nomographical form is presented in Figure A-10.
To use the nomograph:

a. Start with the specified Q and go up vertically until the specified
V-line is reached. The intersection point gives the minimum N we have to have

to meet the specified Q and still have the required swing in capacitance,

b. All the way to the left is the capacitance per unit area that this
N will give us at ~4 volts. From this number and the specified C 4 Ve obtain the
area of the diode.

¢.  Continuing horizontally to the right, we determine wepi from the
intersection of N-value and V-line.

d. All the way to the right we observe the theoretical breakdown,
Also on the same graph we have an arbitrarily drawn experimental breakdown curve
(broken line) depicting a particular passivation system, If the broken line is not
coincident with the solid line then, obviously, compromise is necessary and the
quality factor will suffer.
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A.1.2.2,5 Deviations from Theoretical Behavior

As alluded to above, some deviations will occur from the predications
given by theoretical analysis. This deviation almost always is in breakdown voltage.
Apparently due to changes in the process conditions - most of which have remained
unidentified - some degradation of the breakdown voltage occurs during the passivation
step, utilizing, in particular, thermal oxidation. As an uncontrollable side effect of
oxidation, uncompensated charged contamination is incorporated in the interface be-
tween the semiconductor and the oxide layer. The polarity of this charge is almost
always positive in the case of oxide. Therefore, if the epi is n~type, an accumulation
layer is produced on the surface modifying the conductivity there. The result is, of
course, a degradation in the breakdown voltage. It should be noted in this regard that
such surface-oriented degradation is not necessarily the course of every failure mode
in the device but rather an indication of a non-ideal condition on the surface. Failure
modes and their relationships to surface effects will be discussed in subsection A. 1. 5.

A.1.3 Detailed Processes - Fabrication of Micréwave Diode Chips

a. PIN Diodes - The idealized doping profile of a PIN diode wafer is
shown in Figure A-~11.

0%
10/®
1o'e
107
10'¢

IMPURITY
CONCENTRATION 10'8 TYPE TYPE

1014

I
X )= DISTANCE FROM SURFACE

1018

+ Figure A-11. Doping Profile
As can be seen, a heavily doped p-type region, and a heavily doped n-type region
surround an "intrinsic" (more realistically, a slightly n-type) region whose volume

determines many of the diodes' performance characteristics,
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PIN diodes, depending on the application, whether a switch, attenuator,
or limiter for example, are usually specified by voltage breakdown, capacitance (at
zero bias, or some other bias voltage), Rs (at 10 or 100 mA), forward voltage,
reverse leakage current, and lifetime, Chip size will be dictated by package con-
siderations, The I-region thickness and junction depth will determine breakdown
voltage, and the area of the junction and I-region thickness will determine the capac-
itance. Punch-through voltage is dependent on the resistivity and I-region thickness,
and RS will depend on the minority carrier lifetime, resistance of the swept out region,
resistance of any residual unswept region, and contact resistances to the heavily
doped nt and p+ regions. If all other resistances are minimized (or negligible), the
main contributor to the Rs for a PIN diode may be represented as

WZ

R onon

Boe teffl f

where
w = final I-region thickness
cm2 volts

7] = effective mobility &£ 600 ——
Talr ™ effective minority carrier lifetime
If = forward current

From a design point of view, the diode chip can be determined, then, by deciding

on a certain final I-region thickness, chip size and junction area; the other param-
eters, such as contact resistance and minority carrier lifetime really are results of
selection of the optimum process, Let us consider a process for fabrication of a

microwave PIN switch, We have been presented a specification of the following type:

VB at 10 pamps = 35 volts min

CT (at =20 volts) = 1,0 pF max
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s

100 nsec max

0,5 ohm max at 10 mA

Package ~.style dictates a chip no larger than 30 milz. Gold metallization is preferred
by the customer, One can measure the capacitance of an empty glass package and,
after subtracting this from the total capacitance listed in the specification, one
arrives at the design capacity value for the chip. A calculation based on the well-

known equation

C = K:N A
where
A = junction area,
W = final I-region thickness (dictated by VB),.
K = permittivity,
€ = dielectric constant

leads one to the correct mask dimension to be used during fabricaﬁon. Since the
capacitance is specified at -20 volts it is desirable that the depletion region punch
through at voltages much less than this bias, A relationship can be derived using an
abrupt junction approximation relating the bias voltage, depletion layer width, and

background concentration, This relation is given below:

2K € Vipor

B‘T

We can refer to the bias voltage as the punch-through voltage in this case, and W as

C

the punched through depletion layer width, CB is the background concentration in
atomsyce, We can tabulate, for various background concentrations and assumed
punch through voltages, the amount of spread of the depletion region, so as to arrive
at the optimum starting resistivity, This data is presented in Table A~5 (assume
lightly doped n-type material),
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TABLE A-5,

CASE - I: Zero Bias Punch-Through

Depletion
Atoms (Parts/ Layer Width
Resistivity Doping Concentration Billion) (Microns)
500 ohm-.cm 1.3 x 1013 atoms cc 0.2 7.4
13
200 ohm-cm 2,5 x 10 0.5 5,3
13
100 ohm:cm 5x 10 1 3.8
14
50 ohm-cm 1x10 2 2,7
15
5 ohm-cm 1x10 20 0,8
CASE ~ II: 2 Volt Punch-Through
Depletion
Atoms (Parts/ Layer Width
Resistivity Doping Concentration Billion) (Microns)
500 ohm-cm 1,3 x 1013 atoms cc 0.2 15,4
200 ohm-cm 2,5 x 1013 0.5 11.1
13
100 ohm-.cm 5x10 1 7.9
14
50 ohm-cm 1x10 2 5.5
15
5 ohm-.cm 1x10 20 1,7

Usage of the above table (or better, similar data plotted with W as a parameter)
indicates that the higher resistivities are necessary for reasonable depletion layer
widths at low voltages, Since the breakdown voltage of a PIN diode is related to the
'I' region impurity concentration, as well as thickness, the voltage breakdown
specification will set a minimum final thickness, and the punch-through voltage
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determines a minimum resistivity. The maximum electric field for high resistivity
silicon is approximately 33 volts/micron, Using the relationship for an abrupt

junction -

2
E Mol
max W

one can arrive at the conclusion that to support a 50-volt breakdown, a minimum

8.4 microns of intrinsic region is necessary. Reviewing the preceding tables concern-
ing VPT (especially if we were dealing with a difficult Rs specification where low punch
through is necessary), we observe that 100 ohm.cm is the minimum resistivity which
would allow zero bias punch through, and 50 ohm.cm would suffice should we be ai)le
to allow a 2-volt punch through for this VB specification allowing for a 2,0 microns
diffusion into the layer, starting material would be specified as 6 microns of 100-ohm
«cm epitaxial silicon on a heavily doped silicon substrate, A batch of 10-20 wafers

is then drawn from inventory, the characteristics of layer thickness, Copeland

profile, and substrate type recorded on the lot traveler. Reference is made to the
epitaxial run number, date and substrate lot, so that silicon traceability is obtained,
The lot arrives at the cleaning station, where the silicon wafers are subjected to
solvent and acid cleansing, Organic residues, oils, dust and dirt are removed at

this point; in addition, metallic contamination and organic residue from the solvent
cleaner are removed. The wafers are then thoroughly rinsed in deionized water,

and dried,

Immediately, the silicon w .fers are loaded into boats and inserted
into a high temperature oxidation furnace. Approximately 5,000 A of thermal oxide
is grown on both sides of the wafer. The wafers are withdrawn, allowed to cool in
closed containers, and the oxide thickness is measured on a control wafer which
accompanied the run, At this point, the process becomes different, depending on

whether a planar or mesa device is desired.
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The two paths differ as follows:

Planar Mesa
Oxidized Wafers Oxidized Wafers
Photolithography Strip Oxide, High P side
Clean Clean
Boron Deposit Boron Deposit
. Boron Diffusion Boron Diffusion
N Photolithography

Mesa Definition

Mesa Formation

For the planar technology, the photolithographic step is determined by the junction
area needed to provide the correct capacitance after diffusion and the chip size is
based on package requirements, any thermal resistance considerations, and optimum
packing densities on the wafers. 'I‘hﬁs, a mask of XXX mils on YYY mil center-to-
center would be ordered, and the image would be referred to as a positive mask

(if negative photo result is used). The result would be a hole of XXX mil diameter
and YYY mil center-to-center, cut into the thermal oxide after appropriate hydro-
fluoric acid etching, Each wafer would receive identical treatment, being batch
processed whenever possible, Spinning and aligning, however, are individual steps
and require individual wafer handling. After inspection of the wafers for appropriate
dimension, and completeness of etching, as well as masking oxide integrity, the
wafers are immediately cleaned and placed into the furnace for boron deposition,
Times and temperatures to assure a 2-micron diffusion for this device are provided
on the lot traveler, Sheet resistance controls are listed on the lot traveler, and
satisfactory furnace performance is assured by measuring sheet resistance on a
monitor wafer, The wafers are removed from the furnace, cooled in a closed

container, and at this point are ready for their first electrical dc performance check.
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In the mesa process, the masking oxide is stripped completely from
the high resistivity side of the wafer. After undergoing a cleansing and rinsing
operation, the wafers are dried and immediately placed into a high temperature
boron deposition furnace, again with times and temperatures determined to allow a
2 micron diffusion, Sheet resistance is monitored as in the above planar process.
The wafers are then removed, cooled and sent to photolithography. At this point dc
statics can not be measured, as the junction extends over the entire wafer, continu-
ously, The photo-resist application from the point of view of determining the final
chip size and junction area requirement is similar to the above. However, the
opposite image is used, i.e., negative, for negative photo-resist. Thus, rather than
opening a hole through a film, we are leaving a masking dot of the appropriate dimen-

sion on the surface. This dot will define the mesa top, and thus, the junction area.

(A word on photo-resist types might be useful: photo-resists are
referred to as positive or negative, depending on the type:of interaction with ultra-
violet radiation. Negative photo-resists are those which are polymerized when
exposed to this radiation. Positive photo-resists are those whose polymeric chains
are formed during the prebaking operation, and are broken down by the effect of
ultraviolet radiation. In both cases, the nonpolymeric species is soluble in suitable
solvent, while the polymeric species remains impervious to solvent action, Pro-
longed exposure to solvent in aqueous treatments, or standing in humid atmosphere,

can affect the ability of the photo-resist to withstand these solvents, however,)

After the mesa is defined by photo-resist, it is necessary to form the
mesa by silicon etching techniques, Gnerally, batch mixtures of nitric, hydrofluoric
and acetic acids are used with the formulation depending on the etch depth necessary,
and the etching rate desired. Since the diffusion depth is known, and the original 'I'
region thickness is also known, it is only necessary to etch to a depth which ensures
etching through the *I' regfon, into the n+ substrate, to prevent 'I' region exposure at
the dicing operation, 'I' region exposure causes increased leakage currents paths
and premature device failure. Once etching is completed, the mesa slice is now able
to be probed for dc statics,
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It might be noted at this point that the breakdown voltage observed for
the same diffusion into similar material done by planar and mesa techniques is not
the same, In the mesa situation, the junction front indeed approaches a plane junction,
In the planar junction, lateral diffusion at the edges of the diffusion window results in
anything but a plane junction, Thus, pictorially,

MESA JUNCTION PLANAR JUNCTION

X
D
) e
L)

&,

)

A reduced value of breakdown voltage will be observed for the planar junction
because of the finite radius of curvature of the junction, Increased fields in the areas
of the junction radius will cause the critical field to be reached earlier, thus break-
down will occur at those areas, This fact is normally taken into account in designing

a PIN diode, when addressing the V_ specification, However, to go to a thicker 'I'

B
region to assure higher breakdown may cause trouble in meeting capacitance or Rs
specifications., Thus, the tradeoffs between device types come into play in the design

aspect of the device,

At this point, similar operations are performed on either the planar or

mesa device, They are listed below:

® Thermal Oxidation
®  Photolithography
® Thickness Etching
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® Contact Metallization
® DC Evaluation
® Dicing

Thermal oxidation is performed after boron diffusion for two reasons, Improvement
of subsequent etching of the contact window by redistributing the heavy concentration
of dopant at the surface, making the phase more soluble in the etchants used, is a
prime consideration, Also, additional protection and stabilization of the junction is
provided by additional oxide, especially where a contact will be cut in the original
oxide. Generally, the temperature at which this oxidation is carried out is lower than
the original cycle, so as to minimize movement of the junction, Wafers are oxidized

in a batch; either standing or laying flat, in a quartz or silicon boat.

After thermal oxidation, the lot is ready for phot;uthography to reopen
a hole or clean oxide from the top of the mesa, The contact hole must be centered
within the diffusion window and must be etched completely to the silicon surface. The
photo-resist layer is then stripped, and the wafers are immediately transported in
closed containers to the metallization step, where they are cleaned thoroughly.
Metallization consists of applying a film of metal element onto selected areas of the
wafer with sufficient binding energy so that intimate contact with the heavily doped
region of silicon is achieved. The contact must be "ohmic", that is to say, linear in
its electrical behavior, and not add additional impedance to the device characteristics,
In addition, the adhesion of the metal contact must be adequate to withstand bond pull
tests as required in the specifications., Poorly made contact metallizations will show
up in device performance as contact resistance, contributing to Rs (or insertion loss)
increases, thermal resistance, and mechanical yield. Gold is often used as the metal
to which bonding in the external circuit will be performed. Gold, however, has the
chemical characteristic of forming a eutectic compound with silicon at temperatures
near 300°C, Thus, a barrier metal, or metals, is necessary to prevent the silicon-
gold reaction from occurring, Refractory metals fulfill this function, Techniques for
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application of these metals include RF sputtering and electron beam evaporation,

Each technique has its own advantages and disadvantages insofar as ease of applica~
tion, adhesion characteristics, and side effects, For example, RF sputtering
provides superior adhering films, but also can cause radiation damage to occur
(electron-hole traps are formed in the oxide, for example). Also, step coverage in
sputtered films is excellent, Electron beam evaporation (or even filament evapora-~
tion) provides a less energetic source for metal deposition, with the resultant lessening
of adherence qualities, Step coverage is that expected from a point source, so that
carousels and planetary action might be needed to improve this situation, Commerecial

vacuum systems are used in the metal deposition steps.

Vacuum is provided by either oil diffusion pumping, backed by me-
chanical pumps, ion-pumping, or cryo-pumping, The latter two techniques are con-
siderably "cleaner' techniques, as the oil diffusion pumping leads to the possibility
of contamination of the bell jar through oil molecules backstreaming into the chamber,
Often, large surface area cold traps are inserted between the oil diffusion pump and
the bell jar; these are liquid nitrogen cooled, and will freeze out impurity molecules
as they attempt to migrate into the chamber. Background composition within the
bell jar is normally monitored by means of mass spectrometers (called residual gas
analyzers) permanently attached to the system, Hydrocarbons, water vapor, nitrogen
can be easily identified by their mass peaks in an analysis sample, Monitor wafers
and glass slides accompany a material lot to provide adhesion, thickness, and contact
resistance information, as well as establish metal-etching rates and characteristics.
Specific contact resistance for many of the metals deposited on clean, heavily doped
silicon, is of the order of 10"'6 ohms-cmz. Thus, the quality of the metal film depo-
sition can be monitored electrically at this point by observing the actual contact

resistance measured,

The wafer lot, after metallization, is sent for dc static testing, and
capacitance and lifetime measurement, Voltage breakdown, forward voltage, and,
where possible, leakage current are measured at this point, In addition, capacitance
voltage relations are determined (measured usually at 100 MHz) and minority carrier
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lifetime is determined. Production approval for the lot is given when the above
parameters are within the desired specification, Wafers are rejected if any param-
eter falls out of specification, as there is no recovery technique available at this
stage, Approval or rejection is generally on a wafer-to-wafer basis, rather than the

entire lot,

The final step in the chip fabrication is the dicing operation, Wafers
are mounted by some means (either wax, vacuum, freeze-down) on an appropriate
dicing system, This may be a diamond scribing machine, a diamond saw, or a laser
scribing machine. These have the purpose of separating the individual chips of the
correct dimension from the wafer, Diamond scribing generally involves applying a
stress front into the wafer by means of a diamond-stylus and then in a subsequent
step fracturing the wafer which breaks down the crystalline planes. For < 111 > type

material, scribed chips have the cross sectional shape of a parallelogram, i.e.,
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showing the cleavage of the wafer along the planes. On the other hand, sawed chips

and laser scribed chips are rectangular in cross section, which demands different

handling in subsequent automatic die mounting euipment,

Laser scribing is a relatively new technique, where the silicon is
vaporized by a high intensity laser beam which is indexed along the wafer, A pro-
tective coating is applied to the wafer prior to scribing, to prevent contamination and
laser "splash" from degrading the electrical performance, This protective coating,
as well as any waxes or adhesives used for mounting and holding the wafer must be
removed by a series of organic solvent cleansing of the chips, in combination often
with ultrasonic vibration, One must be careful, however, of introducing mechanical
damage by the ultrasonic treatment, and must use appropriate power levels, For
that matter, mechanical damage can be introduced during any of the three above men-
tioned dicing operations, leading to raggedness, chipping and microcracks, which will
eventually cause device failure during life testing, The scribed, cleansed chips are

then placed in a sealed container and a sample is run for mechanical and electrical
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